M. J. M. 1996. Trypanosoma cruzi: The Tc-85 surface glycoprotein shed by trypomastigotes bears a modified glycosylphosphatidylinositol anchor. Experimental Parasitology 82, 290-297. Tc-85, an 85-kDa surface glycoprotein specific for the trypomastigote stage of Trypanosoma cruzi, has been implicated in the invasion of host cells by the parasite. Radioactive palmitic acid was incorporated into Tc-85 immunoprecipitated from the culture medium with the H1A10 monoclonal antibody, suggesting that shedding occurs with Tc-85 bearing its GPI anchor. In contrast to the glycoprotein remaining in the parasites, the glycosylphosphatidylinositol moiety in shed Tc-85 is resistant to phosphatidylinositol phospholipase C and becomes susceptible to the enzyme following alkali treatment. An alkylglycerol was identified by thin layer chromatography of an ether extract after the enzymatic reaction. Resistance to cleavage by phospholipase C is due to fatty acid esterification of the inositol residue in shed Tc-85. This is the first example of inositol modification in anchors from a glycoprotein of Trypanosoma cruzi.
INTRODUCTION
Trypanosoma cruzi trypomastigotes have to invade host cells to complete their life cycle inside the mammalian host. In recent years, most attention has been given to the characterization of surface proteins from the parasite in an attempt to understand the invasion mechanism of trypomastigotes. Proteins in the range 85-90 kDa have been implicated in host cell invasion by different investigators (Alves et al. 1986; Abuin et al. 1989; Boschetti et al. 1987; Ouaissi 1988; Lima and Villalta 1989; Arruda et al. 1989; Araguth et al. 1988) .
A monoclonal antibody (H1A10 Mab) that is able to inhibit between 46 and 96% of the invasion of tissue culture cells by trypomastigotes from different clones and strains of T. cruzi has been previously described by our laboratory (Alves et al. 1986; Abuin et al. 1989) . The monoclonal antibody recognizes a polymorphic 85-kDa glycoprotein, specific for the surface of trypomastigotes (Tc-85) (Katzin and Colli 1983) ; heterogeneities in molecular mass, isoelectric point, and carbohydrate composition have been identified (Abuin et al. 1989) . The more acidic components have been found to bind to laminin, an important element of the extracellular matrix (Giordano et al. 1994) .
Several years after the discovery of Tc-85, a family of glycoproteins having a molecular mass of 85,000 were reported and collectively called Gp-85 proteins. These proteins are related to the sialidase-trans-sialidase gene family by virtue of relatively high degrees of sequence homology [cf. Colli 1993; Cross and Takle 1993] . However, it was unclear whether Tc-85 belonged to the same family. It has been recently found that Tc-85, defined by H1A10 Mab, belongs to a family having extensive homologies with the GP-85 glycoprotein family but bears no identity with any of the reported sequences (R. Giordano, personal communication) .
A complex N-glycan chain containing sialic acid, fucose, and Gal(␣1-3)Gal is present in Tc-85 (Couto et al. 1987 (Couto et al. , 1990 , as well as a glycosylphosphatidylinositol (GPI) anchor (Couto et al. 1993) . The lipid cleaved by PI-PLC was identified as 1-0-hexadecylglycerol and the oligosaccharide moiety has the same conserved core structure of all GPI anchors analyzed to date, although some microheterogeneity has been detected (Couto et al. 1993) . Tc-85 is shed into the medium by the parasite in plasma membrane vesicles, ranging from 20 to 80 nm in diameter (Gonçalves et al. 1991) , although other mechanisms of secretion have not been ruled out.
In the present report, the lipid moiety of the Tc-85 shed into the medium has been investigated through the metabolic incorporation of a lipid precursor and reaction with phosphatidylinositol-specific phospholipases. In contrast with Tc-85 isolated from the parasite extracts, shed Tc-85 has an acyl-inositol-modified GPI anchor.
EXPERIMENTAL PROCEDURES
Cells. Trypomastigotes from the Y strain (Silva and Nussenzweig 1953) were obtained by infection of monolayers of LLC-MK 2 cells, as previously described (Andrews and Colli 1982) .
Metabolic labeling. Trypomastigotes (10 9 ) were harvested, washed three times with DMEM, and resuspended in 5 ml of the same medium supplemented with 2% fetal calf serum, 10 mM Hepes, pH 7.5, and [ Ci, respectively). After 6 hr at 37°C, the parasites were harvested and resuspended in the same medium except that no labeled fatty acid was added. After 3 hr at 37°C, the medium was separated from the parasites by centrifugation. The parasites showed no morphological alterations at the end of the labeling, as judged by microscopic observation. Trypomastigotes (10 9 ) were harvested, washed once in methionine-free DMEM, and resuspended in the same medium supplemented with 2% fetal calf serum. After 30 min at 37°C, 300 Ci of [
35 S] methionine was added and the trypomastigotes were incubated for 3 hr at the same temperature.
Immunoprecipitation. Parasites (10 8 ) were first lysed in 0.2 ml of 50 mM Tris-HCl, pH 7.2, supplemented with 1% Nonidet P-40, 1 mM PMSF, 0.2 mM TLCK, 10 mM 1,10-phenanthroline, and 1 mM pCMSA (lysis buffer) for 10 min at 4°C, and centrifuged for 10 min at 2500 g. The parasite lysate or the culture medium was incubated overnight at 4°C with 0.1 ml of a Tc-85-specific monoclonal antibody (H1A10 Mab) and 100 l of Protein A-Sepharose (Abuin et al. 1989 ) (Pharmacia). After exhaustive washing with 20 mM Tris-HCl, 150 mM NaCl, and 0.05% Nonidet P-40, 50 l of Laemmli sample buffer (Laemmli 1970 ) was added.
Gel electrophoresis and immunoblotting. Unidimensional gel electrophoresis was performed according to Laemmli (1970) on 9% polyacrylamide-0.1% SDS gels (SDS-PAGE). After electrophoresis, the gels were fixed, stained, processed for fluorography, and dried. For immunoblotting after SDS-PAGE, the material was transferred onto nitrocellulose filters as described (Towbin et al. 1979) . After blockage with 20 mM Tris, pH 7.5, 150 mM NaCl, 3% skim milk, the nitrocellulose was incubated with H1A10 Mab or with a hyperimmune serum in the same buffer supplemented with 0.03% Triton X-100 and 0.05% NP-40 and developed with peroxidase-conjugated second antibody (goat anti-mouse IgG or anti-rabbit IgG) and 4-chloro naphthol. Hyperimmune serum was raised against T. cruzi by inoculation of 1 × 10 8 to 5 × 10 8 trypomastigotes into rabbits every other week during 3 months and employed in a 1:100 dilution.
Anchor identification. CRD analysis was performed by incubation of Western blots with anti-CRD antibodies (kindly provided by Dr. M.L. Cardoso de Almeida) in 1:100 dilution. Separation of anchored or soluble labeled-Tc-85 was performed by phase partition using Triton X-114 (Bordier 1981) after one of the following treatments: (a) PI-PLD (from rat serum) ; (b) PI-PLC from B. cereus, B. thuringiensis, or T. brucei (Schenkman et al. 1988 ); (c) 1.0 M hydroxylamine/0.2 M triethylamine, pH 10.8 (Richier et al. 1992) ; (d) 100 l of 9 M NH 4 OH (45°C, 45 min or 3 hr).
Lipid analysis. (a) The immunoprecipitate of [ 14 C]palmitic acid-labeled Tc-85 obtained from the culture medium was extracted with ether. The aqueous phase was treated with 200 l of concentrated NH 4 OH:methanol (1:1) for 4 hr at room temperature, neutralized with acetic acid, and dried in a Savant concentrator ). The sample was dissolved in 100 l of 50 mM Tris-HCl, pH 7.4, containing 0.1% deoxycholate, digested for 2 hr at 37°C with 0.1 units of PI-PLC from B. thuringiensis, and extracted with ether. The ether extracts were counted and analyzed by TLC on silica gel 60 (Merck) using hexane:2-propanol (93:7 v/v) as solvent, followed by fluorography; (b) For the nitrous acid deamination; samples were resuspended in 500 l of 0.01% Zwittergent 3.12 (Calbiochem) in 50 mM sodium acetate, pH 3.5, and deaminated by the addition of 1 mg of NaNO 2 for 3 hr at 0°C. After shifting the pH to 8.0 with Na 2 CO 3 , extraction was accomplished with 500 l of n-butanol. The butanol extract was analyzed by HPTLC Kieselgel 60 (Merck), using chloroform:methanol:acetic acid:H 2 O (25:15:4:2) as solvent . Labeled-glycolipids A and C isolated from T. brucei (kindly provided by N. Heise and M.L. Cardoso de Almeida) were submitted to the same treatment and employed as standards. (c) For the identification of the inositol modification, the aqueous phase, after PI-PLD treatment and extraction with chloroform:methanol:12 M HCl (10:10:01; v/v/v), was treated with NaNO 2 as above and extracted with water saturated butanol. The butanol phase was hydrolyzed with 0.5 M sodium hydroxide for 3 hr at room temperature. The hydrolysate was neutralized and extracted with ether and the released fatty acid was converted to the methyl ester by heating with BF 3 in methanol (12% w/v) at 100°C for 5 min. After evaporation with nitrogen, the fatty acid methyl ester was extracted with ether and analyzed by RPTLC (Merck) using acetonitrile:acetic acid (1:1) as solvent.
RESULTS
Released Tc-85 bears a modified GPI anchor. Since Tc-85 isolated from trypomastigotes is a GPI-anchored glycoprotein (Couto et al. 1993) , the presence of an immunologically cross-reacting determinant (CRD) (Zamze et al. 1988) in the released Tc-85 was thoroughly searched. Shed material, after immunoprecipitation by H1A10 Mab, was submitted to Western blot and probed with anti-CRD antibodies or H1A10 Mab. The same procedure was employed with trypomastigotes. In the latter case, parasite lysis was performed in the absence of pCMSA, leaving the endogenous phospholipase C of T. cruzi active in order to expose the CRD epitope (Schenkman et al. 1988) . A faint band was observed when Tc-85 released into the medium was incubated with anti-CRD (Fig. 1B , lane 1), in contrast with the parasite lysate (Fig.  1B, lane 2) . The low reactivity observed in shed Tc-85 is due to the absence of an exposed CRD epitope, since a strong band in both medium and parasites was seen with controls incubated with H1A10 Mab (Fig. 1A, lanes 1 and 2) . Shed material which has been previously immunoprecipitated or not with H1A10 Mab showed no detectable increase in reactivity with anti-CRD after treatment with exogenous PI-PLC from T. brucei, B. thuringiensis, or B. cereus (data not shown). In addition, 35 S-labeled shed Tc-85 showed the same partition profile in Triton X-114 before or after PI-PLC treatment. In contrast, a 40-53% increase of radioactivity in the aqueous phase was observed after 9 M NH 4 OH, 1 M hydroxylamine/0.2 M triethylamine or PI-PLD treatment, raising the possibility that Tc-85 is shed bearing a modified GPI anchor. Some experiments were then performed in order to verify this possibility.
As mentioned before, since Tc-85 isolated from the parasite was susceptible to PI-PLC with 1-0-hexadecylglycerol being produced (Couto et al. 1993) , the same enzymatic treatment was then performed with shed Tc-85 after chemical deacylation.
[
3 H] palmitic acidlabeled Tc-85 (6200 cpm) was isolated from the medium by H1A10 Mab immunoprecipitation, exhaustively extracted with ether to remove adsorbed palmitic acid until radioactivity could no longer be extracted, and deacylated with ammonia in order to release any ester-linked fatty acid. After this treatment, a radiolabeled fatty acid was extracted with ether (2500 cpm), as shown by TLC (Fig. 2, lane 1) . The remaining aqueous phase was digested with PI-PLC, reextracted with ether (1500 cpm), and analyzed by TLC, showing a spot coincident with hexadecylglycerol (Fig. 2, lane 2) . The same lipid moiety was previously identified in Tc-85 isolated from trypomastigotes (cf. Couto et al. 1993) . Since the conditions employed for deacylation would also cleave glycerol esters, the possibility that shed Tc-85 has an alkylacylglycerol as a lipid moiety cannot be ruled out by these experiments.
To further prove the presence of a modified inositol in shed Tc-85, a sample of [ 14 C]palmitic acid-labeled Tc-85, previously extracted with ether as above, was submitted to nitrous acid cleavage and then extracted with n-butanol.
Analysis of the organic phase (2000 cpm) by HPTLC is shown in Fig. 3 . Lipids obtained by nitrous acid cleavage of glycolipids A and C from T. brucei were used as standards. One major band (Fig. 3, lane 3) with the same mobility as the acyl-phosphatidylinositol from glycolipid C (Fig. 3, lane 1) was detected. To confirm the nature of the substituent on the inositol ring, a sample of 3 H-labeled Tc-85 was digested with rat serum as source of PI-PLD and the glycan (5020 cpm), containing the inositol, was separated in the aqueous phase after chloroform: methanol:12 M HCl (10:10:0.1; v/v/v) extraction. Further degradation of the carbohydrate moiety with NaNO 2 , as above, and extraction with butanol/water yielded the esterified inositol in the butanol phase (2800 cpm). This ester was removed by saponification, esterified with methanol, and analyzed by RPTLC showing the same mobility as the methyl ester of the C 16:0 fatty acid (Fig. 4) . This fatty acid was also found in the few PI-PLC-resistant anchors analyzed to date (McConville and Ferguson 1993) . 
DISCUSSION
Tc-85 (Katzin and Colli 1983 ) is an 85-kDa cell surface glycoprotein specific for the trypomastigote stage of T. cruzi that has been implicated in the invasion of cells by the parasite (Alves et al. 1986; Abuin et al. 1989) and is shed into the medium in membrane vesicles (Goncalves et al. 1991) . Both shed and cellular Tc-85 are immunoprecipitated by the specific monoclonal antibody H1A10, showing that the structural differences between the two molecules are not related to the epitope recognized by the monoclonal antibody.
Tc-85 is shed bearing its GPI anchor resistant to PI-PLC treatment, as suggested by: (1) metabolic labeling with radioactive palmitic acid; (2) absence of exposed CRD epitope (Fig. 1, lane  1) , even after PI-PLC treatment; (3) identification of alkylglycerol released by PI-PLC incubation only after previous alkali treatment (Fig.  2, lane 2) ; (4) identification of a modified phosphatidylinositol, due to acylation of the inositol ring (Fig. 3, lane 3, Fig. 4 ). Resistance to PI-PLC, as was found in the human acetylcholinesterase (Roberts et al. 1988) and in one of the putative GPI precursors (P3) of VSG from T. brucei , is due to esterification, with palmitic acid, probably in positions 2 and/or 3 of the myo-inositol ring as in the case of the T. brucei procyclic acidic repetitive protein (Ferguson 1992) . It is interesting to point out that another type of hydrophobic inositol modification was recently described (Gerold et al. 1994) , since the glycosylphosphatidylinositols isolated from P. falciparum were unaffected by treatment with PI-PLC, even after prior treatment with ammonia. The inositol substituent of these malarial GPIs was removed only after NaOH treatment, thus proving its ester condition.
The putative acyl-modification of the inositol ring of shed Tc-85 was unexpected because the overwhelming majority of parasite-borne Tc-85 shows no inositol modification, with a detectable CRD epitope, even without exogenously added PI-PLC ( Fig. 1) (Couto et al. 1993) . This certainly reflects the action of a very active endogenous PI-PLC (cf. Couto et al. 1993) , which could naturally be present in trypomastigotes.
Whether the parasite population concommitantly expresses both the acyl-modified and the nonmodified GPI anchor is an open question at the moment, but it is important to point out that only the PI-PLC resistant Tc-85 is eliminated into the medium. In fact, the known T. cruzi GPI-anchored glycoproteins are susceptible to PI-PLC which allows the expression of the CRD epitopes and, thus, implicates PI-PLC in shedding (Schenkman et al. 1988; Andrews et al. 1988; Rosenberg et al. 1991; Güther et al. 1992; Hernandez-Munain et al. 1991; Pollevick et al. 1991) . However, an increased resistance FIG. 4 . Identification of inositol acylation in shed Tc-85. [ 3 H]palmitic acid-labeled Tc-85 was digested with PI-PLD and extracted with ether. The aqueous phase was deaminated as in Fig. 3 and extracted with butanol and the extract was saponified. After acidification, the fatty acid was extracted with ether and converted to the methyl ester. Analysis was performed by RPTLC using acetonitrile:acetic acid (1:1) as solvent; (0) to PI-PLC with aging of the culture was found in one antigen (Schenkman et al. 1988) , and differently modified anchor-like structures have been described in epimastigotes of T. cruzi , also related with aging, thus raising the possibility that modification of the structure of GPI anchors could switch accordingly to physiological states or be a tag for the sorting of molecules. It is interesting to note that GPI-linked proteins were described as being greatly enriched in vesicles shed by erythrocytes in response to stimuli (Butikofer et al. 1989) , a mechanism that could be employed by T. cruzi in response to environmental modifications. Other antigens, such as LPG from L. donovani, are shed to the medium, probably forming complexes with a hydrophobic binding pocket of albumin (King et al. 1987) . Conversely, as was shown before (Gonçalves et al. 1991) , Tc-85 is shed in membrane vesicles independently of the presence of fetal calf serum or albumin, thus raising the interesting working hypothesis that the acyl modification of the inositol ring of the Tc-85 anchor may be important either for plasma membrane insertion of this glycoprotein or, alternatively, to direct it to vesicles which will be exocytosed by mechanisms other than plasma membrane budding.
The inositol acylation of the GPI anchor might be a postattachment event. This is in contrast with the reports on inositol acylation in anchors of mammalian cells, which occurs at an early stage in biosynthesis (Urakaze et al. 1992; Hirose et al. 1992; Puoti and Conzelmann 1992) . Moreover, a recent report (Wong and Low 1994) suggests that PI-PLC-resistant species appear at a late stage in the maturation of human placental alkaline phosphatase of HeLa cells. Probably, late acylation of inositol serves an important purpose related to the fate of the molecule at the cell surface.
Due to the extensive homologies between Tc-85 and the glycoproteins belonging to the GP-85 family (cf. Colli 1993; Cross and Takle 1993) and to the fact that the latter also have putative anchor binding sequences, one might speculate that these surface glycoproteins are shed as vesicles bearing modified inositol anchors.
